Calcineurin inhibitors such as cyclosporine A and FK506 are effective immunosuppressants but produce severe side effects. Rational modification of a previously reported peptide inhibitor, GPHPVIVITGPHEE (K D ∼ 500 nM), by replacing the two valine residues with tert-leucine and the C-terminal proline with a cis-proline analogue, gave an improved inhibitor ZIZIT-cisPro, which binds to calcineurin with a K D value of 2.6 nM and is more resistant to proteolysis. a Z, tert-leucine; P*, Cys(Ψ Me,Me Pro). b K D values against CN were obtained from FA assay using N-terminal 5(6)-SFX labeled peptides.
■ INTRODUCTION
Calcineurin (CN) is a protein serine/threonine phosphatase involved in T cell signaling. Engagement of T cell-surface receptors with ligands (e.g., an antigen-presenting cell) causes an increase in the cytoplasmic level of calcium, which activates many calmodulin (CaM)-dependent enzymes including CN. CN dephosphorylates multiple phosphoserines on nuclear factor of activated T cell (NFAT), a transcription factor, leading to its nuclear translocation and activation. 1, 2 The activated NFAT up-regulates the expression of interleukin 2 (IL-2), which in turn activates T-helper lymphocytes, induces the production of other cytokines, and stimulates the immune response. CN is the target of several naturally occurring macrocycles such as cyclosporine A (CsA) and FK506. These compounds bind to cellular proteins cyclophilin and FKBP12, respectively, and the resulting binary complexes bind to CN and sterically block the access of NFAT and other protein substrates to the CN active site. 3 CsA and FK506 are clinically used as immunosuppressants in postallogenic organ transplant. 4 Nevertheless, treatment with these drugs is associated with severe side effects including nephrotoxicity and hepatotoxicity, 5 likely because of their indiscriminate inhibition of CN activity toward all substrates. 6−8 Inhibitors that selectively block the CN−NFAT interaction would provide less toxic immunosuppressants.
Previous structural and functional analysis of the CN−NFAT interface has identified a conserved sequence motif among NFAT proteins, PxIxIT (where x is any amino acid), which specifically interacts with a substrate-docking site on CN. 9 This interaction is critical for dephosphorylation of NFAT and a subset of other CN substrates. 10−12 Screening of an oriented peptide library identified a tetradecapeptide, GPHPVIVITG-PHEE (VIVIT, Table 1 ), which binds to the docking site on CN with 25-fold higher affinity than the naturally occurring PxIxIT motif. 13 Expression of peptide VIVIT in mammalian cells effectively blocks the CN−NFAT interaction and its downstream signaling without directly blocking CN enzymatic activity. Attachment to a cell-penetrating peptide (R 11 ) renders the peptide cell permeable and active for immunosuppression in transplanted mice. 14 This observation has inspired investigators to develop peptides and small molecules as selective CN inhibitors. 15 However, the reported compounds have somewhat low potency in disrupting the CN−NFAT interaction. In this work, we used the structural information derived from previous NMR and X-ray studies 16−18 as a guide and carried out a structure-based optimization of the VIVIT peptide, which led to ∼200-fold improvement in the binding affinity and a highly potent and selective inhibitor against CN (K D = 2.6 nM). 16, 17 reveals that the PVIVIT core is in an extended conformation and engages in hydrophobic, van der Waals, and hydrogen bonding interactions with CN. The side chains of three highly conserved residues, Pro 4 , Ile 6 , and Ile 8 , fit snugly into three well-defined hydrophobic pockets, while the side chains of Val 5 and Val 7 are largely solvent exposed ( Figure 1A) . The PVIVIT core also forms multiple hydrogen bonds between its backbone amides and CN β-strand 14 residues. 16, 18 We suspected that substitution of Tle for Val 5 and Val 7 of the peptide ligand might improve its potency and/or bioavailability, based on several considerations. First, the Val 5 and Val 7 side chains are distant from the hydrophobic surface formed by the side chain of CN Val 328 for optimal van der Waals interaction. Replacement of the valines with bulkier Tle should result in closer packing between Tle 5 /Tle 7 and Val 328 side chains and improved van der Waals interactions between them. Second, Tle is frequently used as building blocks for peptidomimetic drugs 19, 20 and organocatalysts 21 because incorporation of Tle has been shown to substantially improve the target-binding affinity, protease resistance, and/or bioavailability. 22, 23 While the increased stability against proteolysis (and nonenzymatic hydrolysis of the peptide bond) can be attributed to the steric hindrance exerted by the t-butyl side chain, the origin of the increased binding affinity and membrane permeability is less clear. It has been speculated that the bulky t-butyl group may interfere with solvation of the adjacent peptide bonds and therefore decrease the amount of desolvation energy associated with target binding and membrane transport. We therefore replaced both Val 5 and Val 7 with Tle and named the resulting peptide "ZIZIT" (where Z = Tle). Peptide ZIZIT was synthesized using standard solid-phase peptide chemistry and 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) as the coupling reagent. To our delight, peptide ZIZIT bound to CN with a 10-fold higher affinity than VIVIT (K D values of 43 ± 12 and 477 ± 26 nM, respectively) ( Table 1 and Figure 2A ).
Incorporation of Cys(Ψ Me,Me Pro) as cis-Pro Analogue. The structure of the CN−VIVIT complex 16, 17 contained a cis peptide bond between Gly 10 and Pro 11 of VIVIT ( Figure 1A ). The β-turn structure permits the formation of an intricate hydrogen bond network among the side chains of Asn 330 (of CN) and His 12 and Thr 8 of the VIVIT peptide. 16 Because the trans-configuration of a peptidyl−prolyl peptide bond is energetically more stable, 24 we envisioned that preorganization of the Gly 10 −Pro 11 peptide bond into the cis-configuration should increase the binding affinity. 2,2-Dimethylthiazolidine [Cys(Ψ Me,Me Pro)] has previously been used as a proline analogue; when it is incorporated into a peptide, the preceding peptide bond is sterically locked into the cis-configuration. 25 We thus designed peptide ZIZIT-cisPro ( Figure 1B ) by replacing Pro 11 of ZIZIT with Cys(Ψ Me,Me Pro).
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Synthesis of peptide ZIZIT-cisPro is illustrated in Figure S1 in Supporting Information (SI). Briefly, the sterically hindered secondary amine of 2,2-dimethyl-1,3-thiazolidine-4-carboxylic acid [H-Cys(Ψ Me,Me Pro)-OH] is poorly reactive and cannot be directly incorporated into peptides through solid-phase synthesis. Thus, the pseudoproline was first prepared as the Fmocprotected dipeptide, which was readily introduced into peptides using benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBop) as the coupling reagent. 27 The dipeptide, Fmoc-Gly-Cys(Ψ Me,Me Pro)-OH, was prepared in 69% yield by condensing Fmoc-protected glycyl fluoride and H-Cys(Ψ Me,Me Pro)-OH. 27 Because Cys(Ψ Me,Me Pro) is unstable under strongly acidic conditions (e.g., 100% TFA), acid-labile side chain protecting groups 4-methyltrityl (Mmt), 2-phenylisopropyl (PhiPr), and trityl (Trt) were employed for His, Glu, and Thr residues, respectively. After the fully protected peptide was synthesized on solid phase, these side chain protecting groups were removed by treatment under a mildly acidic condition (1% TFA, 5% triisopropylsilane in DCM, 2 h), which did not significantly damage the Cys(Ψ Me,Me Pro) moiety. The deprotected peptide was released from the solid support by aminolysis with 1:1 (v/v) propylamine/DMF and purified to near homogeneity by reversed-phase HPLC ( Figure S2 in SI).
The binding affinity of ZIZIT-cisPro for CN was determined by fluorescence anisotropy (FA). Incorporation of the cisproline analogue further increased the binding affinity of ZIZIT for CN by ∼20-fold, producing a highly potent peptidyl inhibitor against CN (K D = 2.6 nM, Figure 2A ). The change in affinity is consistent with increasing the cis peptidyl−prolyl bond population from its normal abundance (5−10%) to ∼100% in ZIZIT-cisPro. 25−27 Binding Site, Selectivity, and Serum Stability of ZIZIT-cisPro. To determine whether ZIZIT and ZIZIT-cisPro bind to the same site as VIVIT on CN, we modified the FA assay to test the competition among the three peptides for binding to CN. Briefly, peptide ZIZIT, which has an intermediate binding affinity (K D = 43 nM), was labeled with fluorescein isothiocyanate (FITC) and tested for binding to CN in the presence of increasing concentrations of unlabeled VIVIT, ZIZIT, or ZIZIT-cisPro. All three peptides inhibited the binding of FITC−ZIZIT to CN in concentration-dependent manners, with IC 50 values of 4100 ± 100, 280 ± 90, and 110 ± 90 nM, respectively ( Figure 2B ). These data suggest that all three peptides bind to the same site (or overlapping sites) on CN. Further, the ability of ZIZIT-cisPro to largely eliminate FITC−ZIZIT binding at stoichiometric amounts (∼150 nM, which was also the CN concentration used) suggests that ZIZIT-cisPro binds to a single site on CN.
To determine whether ZIZIT-cisPro is a specific ligand of CN, we tested it for binding to five arbitrarily selected proteins by FA, including bovine serum albumin (BSA), protein− tyrosine phosphatases 1B (PTP1B), and SHP1, K-Ras G12V, and the SH2 domain of Grb2. ZIZIT-cisPro bound weakly to PTP1B (K D ∼9 μM) and SHP1 (K D >15 μM) but not to the other three proteins up to 15 μM protein concentration ( Figure  S3 in SI), indicating that it is a selective ligand of CN.
The proteolytic stability of peptides VIVIT and ZIZIT-cisPro was assessed by incubating the peptides in diluted human serum (25%) at 37°C and monitoring the amounts of remaining peptides by HPLC. The VIVIT peptide was degraded with a half-life of ∼1 h and to completion in 6 h ( Figure 3 ). In contrast, ∼60% of ZIZIT-cisPro remained intact after 6 h of incubation. Thus, incorporation of the Tle and/or cis-Pro residues substantially improved the proteolytic stability of the CN ligand.
Molecular Modeling. To gain some mechanistic insight into the observed affinity enhancement, we carried out molecular dynamic (MD) simulations on the CN−ZIZIT-cisPro complex. To provide some information about how the new ligand would interact with the CN surface, we proceeded with a molecular docking study; we began by using the available crystal structure of the CN−VIVIT complex (pdb ID 2p6b) 16 and replacing the ligand with ZIZIT-cisPro. Following the construction of ZIZIT-cisPro ligand and energy minimization as detailed in the Experimental Section, MD simulations were performed to obtain the docked conformation. 28 Analysis of the root-mean-square deviation (RMSD) between the crystal structure and MD protein showed no deviation indicative of sudden, chaotic structural fluctuations ( Figure S4 in SI). Further, ZIZIT-cisPro remained associated with the binding site on the CN surface throughout the simulation, as indicated by the number of hydrogen bonds between the ligand and the protein ( Figure S5 in SI).
ZIZIT-cisPro adopts a virtually identical conformation to that of VIVIT in the crystal structure ( Figure 1A,B ). The side chains of Ile 6 and Ile 8 are clearly accommodated in hydrophobic pockets formed by Met 329 /Met 290 /Ile 303 and Tyr 288 /Met 290 / Ile 331 , respectively. ZIZIT-cisPro engages in the same set of hydrogen bonds with CN as VIVIT. The Gly 10 -Cys-(Ψ Me,Me Pro) 11 peptide bond is indeed in its cis-configuration, thus permitting the formation of the hydrogen bond network between ligand side chains of His 12 and Thr 9 and CN residues Arg 332 and Asn 330 ( Figure 1C ). The geminal dimethyl groups of the proline analogue are oriented away from the protein surface and do not appear to experience any steric clashes with any protein residue. In contrast to the CN−VIVIT structure, in which Val 5 and Val 7 side chains are solvent exposed, 16 the additional side chain methyl groups in the CN−ZIZIT-cisPro complex result in close packing of the Tle 5 and Tle 7 side chains against the side chain of Val 328 ( Figure 1D ). In fact, the Tle side chains are ∼1 Å closer to the Val 328 side chain than those of Val 5 and Val 7 . These results suggest that enhanced van der Waals interactions and/or hydrophobic effects between the Tle side chains and Val 328 contribute significantly to the observed high potency of the ZIZIT-cisPro ligand. We also calculated the solvent accessible surface area (SASA) of both VIVIT and ZIZIT-cisPro peptides when they are bound to the CN protein using the trajectories derived from the 20 ns MD simulations. The calculated SASA values for VIVIT (2123 ± 29 Å 2 ) and ZIZIT-cisPro (1970 ± 30 Å 2 ) indicate that ZIZIT-cisPro peptide is less solvated than VIVIT peptide in CN-bound states, providing further support that ZIZIT-cisPro engages in greater van der Waals and/or hydrophobic interactions with the CN protein than the parent peptide.
Inhibition of Nuclear Translocation of NFAT. To test whether the increased binding affinity of ZIZIT-cisPro translates into improved efficacy in cellular assays, we conjugated it to a polybasic cell-penetrating peptide, R 11 . First, peptide ZIZIT-cisPro was modified at its N-terminus with a bifunctional linker succinimidyl 3-(2-pyridyldithio)propionate (SPDP) ( Figure S6 in SI). The resulting peptide was conjugated to R 11 , which was synthesized with a C-terminal cysteine, via a disulfide exchange reaction. We also prepared R 11 −VIVIT and a negative control peptide, R 11 −VAVAA, which contains replacement of three key CN-binding residues (Ile 6 , Ile 8 , and Thr 9 ) with alanine and has no detectable binding to CN as judged by FA analysis (Table 1) . HeLa cells stably transfected with a green fluorescent protein−NFAT1 fusion (GFP−NFAT) 29 were treated with the peptides in the absence and presence of ionomycin and the intracellular distribution of green fluorescence was monitored by live-cell confocal microscopy ( Figure 4A ). 14 In control cells (untreated with either ionomycin or peptide), GFP−NFAT was localized predominantly in the cytosol with minimal signal in the nuclear region. Treatment of cells for 10 min with ionomycin, which raises the intracellular Ca 2+ concentration and activates CN activity, caused translocation of GFP−NFAT into the nucleus, as observed by time-lapse live-cell confocal microscopic imaging. However, incubation of cells with 500 nM R 11 − ZIZIT-cisPro prior to the treatment with ionomycin almost completely blocked the nuclear translocation of GFP-NFAT (∼95% inhibition) ( Figure 4B ). This potency of peptide R 11 − ZIZIT-cisPro is similar to that of FK506 in the translocation assay. 14 Under the same conditions, R 11 −VIVIT resulted in ∼65% inhibition of the nuclear translocation. As expected, peptide R 11 −VAVAA had no detectable effect on the ionomycin-stimulated GFP-NFAT translocation.
■ CONCLUSION
Through relatively minor structural modifications, we were able to improve the CN-binding affinity of peptide VIVIT by ∼200-fold. With a K D value of 2.6 nM, ZIZIT-cisPro ranks among some of the most potent CN inhibitors reported to date. 15 The steric bulk of Tle and/or the cis-Pro analogue also improve the proteolytic stability of the peptide. Peptide R 11 −ZIZIT-cisPro may be further developed into an efficacious but less toxic alternative to FK506 and CsA.
■ EXPERIMENTAL SECTION Materials. Reagents for peptide synthesis were purchased from NovaBiochem (La Jolla, CA), Peptides International (Louisville, KY), or Chem-Impex International Inc. (Wood Dale, IL). SPDP was obtained from Thermo Scientific (Rockford, IL). 5(6)-Fluorescein-6(5)-carboxamidohexanoic acid, succinimidyl ester [5(6)-SFX, F-6129] was from Life Technologies (Carlsbad, CA).
Peptide Synthesis and Labeling. Peptides were synthesized on Rink Resin LS (0.2 mmol/g) using standard Fmoc chemistry. The typical coupling reaction contained 5 equiv of Fmoc-amino acid, 5 equiv of HATU, and 10 equiv of diisopropylethylamine (DIPEA) and was allowed to proceed with mixing for 1 h. The peptides were deprotected and released from the resin by treatment with 92.5:2.5:2.5:2.5 (v/v) TFA/phenol/water/triisopropylsilane for 2 h. The peptides were triturated with cold ethyl ether and purified by reversed-phase HPLC equipped with a C 18 column. The peptide (∼1 mg in 300 μL of 1:1 (v/v) DMF/150 mM sodium bicarbonate, pH 8.5) was treated with 10 μL of 100 mg/mL 5(6)-SFX in DMSO for 1 h and purified again by HPLC.
Dipeptide Fmoc-Gly-Cys(Ψ Me,Me Pro)-OH was prepared by mixing Fmoc-Gly-F (420 mg, 1.4 mmol) 30 were incorporated using the standard Fmoc chemistry. After the peptide synthesis was complete, the resin was treated with 1% TFA and 5% triisopropylsilane in DCM for 2 h. The peptide was released from the resin with 1:1 (v/v) propylamine/DMF for 3 h.
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To conjugate a peptide to R 11 , the peptide containing an N-terminal amine (∼10 μmol) was dissolved in 200 μL of 50 mM phosphate buffer (pH 8.0) and mixed with 1 equiv of SPDP dissolved in 100 μL of DMF. After incubation for 4 h at room temperature, 1 equiv of Ac-R 11 -Cys-NH 2 was added to the mixture and incubated for 12 h ( Figure  S5 in SI). All peptides used in biochemical and cellular tests were purified by reversed-phase HPLC to ≥98% purity and the peptide identity was confirmed by MALDI-TOF MS analysis ( Figure S2 in SI) .
Fluorescence Anisotropy. Glutathione S-transferase−CN fusion protein was expressed in Escherichia coli BL21 cells and purified on a glutathione-Sepharose column as previously described. 31 FA experiments were performed by incubating 100 nM fluorescein-labeled peptide with varying concentrations of CN in 20 mM HEPES (pH 7.4), 150 mM NaCl, 2 mM Mg(OAc) 2 , and 0.1% bovine serum albumin for 2 h at room temperature. The FA values were measured on a Molecular Devices Spectramax M5 spectrofluorimeter, with excitation and emission wavelengths at 485 and 525 nm, respectively. Dissociation constants (K D ) were determined by plotting the FA values as a function of the CN concentration and fitting the data to equation (Origin 9.0)
where Y is the FA value at a given concentration x of CN; L is the peptide concentration; Q b /Q f is the correction factor for fluorophore− protein interaction; A max is the maximum FA value when all the peptide are bound to CN, while A min is the minimum FA value when all of the peptides are free. The competition experiments were similarly carried out, except that each reaction contained fixed concentrations of FITC−ZIZIT (100 nM) and CN (150 nM) but varying concentrations of the competing peptide (0−20 μM).
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